The aggregation of plankton species along fjords can be linked to physical properties 35 and processes such as stratification, turbulence and oxygen concentration. The goal of this 36 study is to determine how water column properties and turbulent mixing affect the horizontal 37 Turbulence induced by tidal flow over the sill apparently enhances the interchange of 57 nutrients and oxygen concentrations with the surface layer, creating a productive environment 58 for many marine species, where prey-predator relationship might be favored. 59 60
layer (100 m), which limited the vertical distribution of most macrozooplankton and their 48 DVM, generating a significant reduction of habitat. Aggregations of macrozooplankton and 49 fishes were most abundant around a submarine sill in Jacaf Channel. In this location 50 macrozooplankton were distributed throughout the water column (0 to ~200 m), with no 51 evidence of a hypoxic boundary due to the intense mixing near the sill. In particular, 52 turbulence measurements taken near the sill indicated high dissipation rates of turbulent 53 kinetic energy (ε 10
-5 W kg -1 ) and vertical diapycnal eddy diffusivity (Kρ 10 study has shown that advection can influence the import and export of zooplankton in a fjord 72 depending on the depth at which the zooplankton are located, which can potentially affect the 73 community composition, biomass, productivity and distribution of zooplankton in the fjord 74 (Basedow et al., 2004) . Moreover, horizontal mixing of along-channel density gradients has 75 been shown to induce lateral circulation (Farmer and Feeland, 1983 ), which in turn affects 76 larval distributions in fjord systems (Meerhoff et al., 2015) . variations in stratification throughout a tidal cycle affected both overall abundance and 81 species composition of zooplankton in the Irish Sea. However, they did not have the tools to 82 relate the hydrodynamic and hydrographic variability of this region to vertical and horizontal 83 distributions of fish larvae and zooplankton. Another study by Oviatt (1981) found that 84 zooplankton concentrations were lower in laboratory tanks than in nature (Narragansett Bay, 85 USA). Since this was not due to the physical action of mixing (induced by paddles in the 86 tank), they hypothesized that tank confinement and turbulence had broken down vertical 87 segregation between adults and juveniles, resulting in increased cannibalism. While vertical 88 segregation of zooplankton groups, probably related to different trophic guilds, has been 89 confirmed by several studies (e.g. Haury et al., 1990) , this segregation can be reduced by 90 turbulent processes enhancing contact between prey and predators (Visser and interchange here is limited by the shallow Jacaf Channel sill, which is 50 m deep and 6 km 223 long. Its main freshwater input (the Cisnes River) meets the fjord half way between its head 224 and mouth (Fig.1) . Jacaf Channel is well known for its great depth (> 400 m) around its 225 connection to the Moraleda Channel, which contrasts with its very shallow sill near its 226 connection with Puyuhuapi Fjord (Fig. 1) . Seasonal hydrographic measurements along 227
Puyuhuapi Fjord have shown a stratified water column except in late winter, when the water 228 column became partially mixed due to a reduction in freshwater supply from rainfall and 229 glacial melting Fjord is the only northwestern Patagonian fjord known to experience such extreme hypoxic 235 conditions. At the same time, it is an area where intense aquaculture activities have been 236 recently developed, which reinforces the need of this study. 237
The study area offers an excellent opportunity for studying the impact of deep hypoxia 238 upon macrozooplankton distribution and behavior, considering the continued increase of 239 hypoxic regions around the world (Breitburg et al., 2018) . Moreover, the presence of a sill in 240 Jacaf Channel, in the vicinity of its connection to the Puyuhuapi Fjord, opens the possibility 241 to investigate the influence of vertical mixing (Farmer and Freeland, 1983; Inall and 242 Gillibrand, 2010) upon water quality, especially upon dissolved oxygen concentration, 243 injection of nutrients from subsurface oxygen rich layers, enhancement of primary production 244 and, finally, upon the density of different zooplankton species (Pantoja et al., 2011 Using the values of ε, the diapycnal eddy diffusivity (Kρ) was calculated. The most 273 used formulation was proposed by Osborn (1980) , 274 < 100, and considered null eddy diffusivity when 2 ⁄ < 7. This approach was 282 followed in this study. The correlation between the dissipation rate of turbulent kinetic energy 283 and the abundance of major zooplankton groups throughout the water column was 284 accomplished by using a quadratic polynomial curve fit between these data sets (explained in 285 detail in section 4.6). These analyses were only applied to measurements collected at the fixed 286 station in Puyuhuapi Fjord, because the VMP-250 was not available during the measurement 287 campaign in Jacaf Channel. 288 properties of the fjords (temperature, salinity and dissolved oxygen), a quadratic polynomial 312 curve was also applied between these data sets. During this survey, two RDI Workhorse 313 ADCP with 614.4 kHz frequency (referenced hereafter as ADCP-3) and was moored at 30 m 314 depth in the vicinity of the Jacaf sill. The near-surface placement of ADCP-3 allowed for 315 near-surface currents to be adequately quantified. 316
Vessel speed during all echo-sounder surveys was maintained between 8 and 10 knots. 317
Echo-sounders were operated using a variable ping rate 0.3-2.0 ping s -1 , pulse duration of 318 1.024 milliseconds and output powers of 2 kW and 0.5 kW for the 38 and 120 kHz 319 frequencies, respectively. Calibration was made using copper spheres and standard procedures 320 (Fig. 1, red  392 dots). At all sites and dates, zooplankton species were identified, sorted into functional 393 groups, measured (length) and classified into size-classes using a 5 mm length threshold. To 394 determine the correlation (R 2 ) between the Sv records from the 38 kHz transducer and the 395 major macrozooplankton groups (Siphonophores, Chaetognaths and Euphausiids), a quadratic 396 polynomial curve was also applied between these data sets (further details in section 4.3). 397 398
Tidal harmonic analysis 399
The tidal constituents were computed using HOBO U20 water level loggers and the pressure 400 sensor from ADCP-3 (Table 1- Godin (1972, 1988) and Foreman (1977 Foreman ( , 1978 . We classified tides by the dominant period of 403 the observed tide based on the form factor (F), defined by the ratio between the sum of the 404 amplitudes of the two main diurnal constituents (larger lunar declinational, O1 and luni-solar 405 declinational, K1) and the sum of the amplitudes of the two main semi-diurnal constituents 406 (principal lunar, M2 and principal solar, S2), F = (O1+K1)/(M2+S2) (Bearman , 1989 ; where, F 407 < 0.25 semi-diurnal, 0.25 < F< 1.5 Mixed semi-diurnal and F > 3.0 diurnal). 408
Results 409

Hydrographic features 410
Temperature profiles collected in Puyuhuapi Fjord and Jacaf Channel showed similar 411 structure during the winter and summer campaigns (Fig. 2, a- (Fig. 2 g) . Along with the in-situ 426 hydrographic sampling, in-situ zooplankton samples were collected and will now be 427 discussed. 428 collected at various depth strata in May 2013, the most abundant groups were siphonophores, 438 chaetognaths and medusae (Fig. 3c-f) . A marked change in vertical distribution and in total 439 abundance of the macrozooplankton groups in the water column was observed from the first 440 sampling hour (Fig. 3c) to the night sampling time (~18:00 h), revealing the start of the 441 nocturnal migration to the surface (Fig. 3d) coincident with a DVM pattern as seen in the 442 ADCP-1 backscatter data (Fig. 3a-b) . 443
Data from the ADCP-2 mooring (positioned deeper but at the same location as ADCP-444 1) from January 22-24, 2014 also showed a strong macrozooplankton DVM pattern, which 445 extended down to 100 m depth (Fig. 4a) . During daylight hours (8:00-18:00), dense 446 aggregations were observed between 80-100 m depth, which started to ascend from 18:00 to 447 21:00, concentrated close to the surface at night, and began to descend at 06:00. In-situ 448 stratified sampling showed the most abundant macrozooplankton groups were euphausiids, 449 siphonophores, chaetognaths, decapods and medusae (Fig. 4 b-f ). Euphausiids and 450 siphonophores showed higher abundance close to surface layer (10-20 m) during night hours 451 ( Fig. 4c and Fig. 4f ) and at deeper layers during the daytime (Fig. 4d and Fig. 4e ). However, 452 euphausiids showed the clearest diel vertical migration with maximum abundance between 453 10-20 m layer during night hours, and at 100 m depth during the daytime (Fig. 4c-f) . The in-454 situ zooplankton samples were complemented by echo-sounder measurements collected along 455 the fjord systems during the summertime and the wintertime. These measurements will now 456 be discussed. 457 (Fig. 5a ). Most biological backscatter 465 was concentrated in the first 100 m of the water column, matching ADCP-2 results, which 466
showed an increase in backscattering towards 100 m depth (Fig. 4a and 5a ). Highest daytime 467 NASC values were found around 80 m (above the hypoxic layer), reaching values of 3-3.5 m 2 468 n mi 2 (Fig. 5b) . Although some backscatter occurred within the hypoxic layer (below ~120 m 469 depth), all dense aggregations were observed above it (Fig. 5e) . 470
Summer nighttime biological backscattering along the Puyuhuapi Fjord (Fig. 5c)  471 showed maximum Sv values near the surface, suggesting an ascending vertical migration of all 472 biological backscatter. NASC profiles also showed both an increase in maximum abundances 473 and a shift in the vertical position of the maximum values from 60-80 m during daytime to 474 40-60 m depth during nighttime (Fig. 5d) . Although the water column depth extended to ~300 475 m, all dense backscatter aggregations were observed above 100 m depth during both day and 476 night time hours (Fig. 5a and c) . As DO concentrations decreased from 2 mL L -1 to 1 mL L -1 477 below 100 m depth, biological scatterers in Puyuhuapi Fjord appeared to prefer oxygen 478 concentrations between 3 and 7 mL L -1 (Fig. 5e) . The correlation between Sv values and the 479 observed density of different zooplankton groups (in-situ samples, >5mm) was moderate. 480
Such correlations reached values of R 2 =0.50, for siphonophores (Fig. 6a) , R 2 =0.48 for 481 chaetognaths (Fig. 6b) , and R 2 =0.72 for euphausiids (Fig. 6c) . The wintertime sampling 482 showed similar findings but was able to capture more activity in the water column due to the 483 use of two acoustic frequencies. 484 485
Wintertime dual-frequency surveys 486
Wintertime dual-frequency survey data, carried out along Puyuhuapi Fjord and Jacaf 487
Channel on August 17 th (35 km total transect length, Fig. 1 ), allowed separation of total 488 backscatter into Fish, Fluid like (FL) and Blue noise (BN) groups (Fig. 7a-b (Sv>-110 dB) were observed in Jacaf Channel, particularly around its sill (between km 18 and 494 32; Fig. 7 ). Particularly high intensities were attributed to BN and FL groups at either side of 495 Jacaf Channel sill on both August 17 th and 18 th ( Fig. 7 and 8 ). An important degree of vertical 496 segregation between BN and FL groups was also observed along Jacaf Channel, with the first 497 group concentrated between 100 and 140 m, while the second was between 120 and 200 m 498 ( Fig. 7 and 8) . 499 Continuous acoustic sampling repeated over the Jacaf Channel sill confirmed the 500 presence of two backscattering layers: one denser layer between 100-150 m and a second, less 501 dense layer from 200 to 250 m (Fig. 8a, showed only the best echogram) . In-situ zooplankton 502 sampling along the Jacaf Channel sill (Fig. 9f) allowed the detection of the major 503 macrozooplankton (e.g., chaetognaths, euphausiids and crustaceans) found during this 504 experiment ( Fig. 9a-d) . In general, all sampling stations were carried out during daytime, but 505 station 4 coincided with the ascending moment of macrozooplankotn, and highlighted the 506 presence of euphausiids during this time of vertical migration (Fig. 9d) . Also, station 1 507 showed the dominance of crustaceans in the 0-10 m strata. Overall the in-situ zooplankton 508 sampling and the echograms showed good agreement with the FL group (Fig. 9a-d) . 509
Furthermore, the elevated abundance of macrozooplankton groups (euphausiids and 510 chaetognaths) found between 100-150 m depth during daytime hours (Fig. 9b-f ) matched well 511 with acoustic data for the fluid-like group (Fig. 8a) , but in the case of BN group the 512 macrozooplankton species were not clearly identified in the in-situ zooplankton sampling. 513
A moderate correlation was found between Sv values from Jacaf Channel and 514 zooplankton density calculated from in situ samples (>5 mm), with R 2 =0.42 for Sv vs. 515 chaetognaths (Fig. 6d) and R 2 =0.41 for Sv vs. euphausiids (Fig. 6e) . Now the relationships 516 between water column properties such as temperature, salinity and DO will be compared to 517 the acoustic and in-situ macrozooplankton measurements. 518 519
Relationships between biological scattering and water column properties 520
To examine relationships between the distribution of biological scattering and water column 521 properties, Sv values quantified from the 38 kHz acoustic profiler were matched to the 522 consecutive time at which CTD and DO data were captured. This was done in Puyuhuapi 523
Channel and Jacaf Channel during the summer and winter seasons, respectively. .6). Hence, only 20.4 % of total Sv>-110 dB re 1 m -1 were in the 530 hypoxic layer of Puyuhuapi Fjord, while just 1.2 % were in the hypoxic layer in Jacaf 531
Channel. Now the turbulent kinetic energy (TKE) dissipation will be discussed to relate 532 macrozooplankton assemblages to vertical mixing in the water column. 533
Tidal regime 534
The harmonic analysis carried out with the sea level time series obtained in Puyuhuapi Fjord 535
and Jacaf Channel, denoted the dominance (in terms of amplitude) of the semi-diurnal 536 constituents (M2 and S2; Table 2 ). Diurnal constituents (O1 and K1) were also important, 537 specifically at the Jacaf ADCP-3 station located close to the Jacaf sill region (Table 2 and Fig  538   1 ). The contribution of diurnal constituents added the mixed character to the tidal regime in 539 the study area. The spectral analysis implemented at all sea level stations showed maximum 540 energy in the semi-diurnal band (Table 2) , with the highest spectral energy (57.29 m 2 cph -1 ) 541
at Jacaf sill (Jacaf ADCP-3 station), which could be due to the extreme convergence of the 542 channel at this location accelerating the tidal flows. 543 544
Mixing process 545
Turbulence measurements collected with the VMP-250 microstructure profiler showed high 546 dissipation rates of turbulent kinetic energy (ε) in the upper 20 m of the water column in 547
Puyuhuapi Fjord and Jacaf Channel (Fig. 10) . In this layer ε ranged from 10 -7 to 10 -5 W kg -1 . 548
However, below this surface layer (<20 m depth) the highest values were obtained around 549 Jacaf sill (ε=1.2×10
-7 W kg -1 ), as shown on 21 November 2013 at 140 m depth (Fig. 10 a) . In 550
Puyuhuapi Fjord TKE dissipation between 20-180 m was weak (10 -10 to 10 -7 W kg -1 ), (Fig.  551 10c and 10e). The dissipation rates of turbulent kinetic energy are obtained by integrating the 552 velocity shear spectrum at each respective depth bin up to the noise limit. The noise limit is 553 determined by comparing the measured spectra to the theoretical Naysmyth Spectra and 554 determining where the measurements begin to deviate from theory. To display how the 555 estimates of ε were obtained at the Jacaf sill depth, the shear spectra are shown for VMP 556 profiles collected at the Jacaf sill region (21 November 2013 at 140 m depth; Fig. 10b In Puyuhuapi Fjord the correlation between ε and zooplankton Sv data (38 kHz, fixed 560 station, January 2014) was high (R 2 =0.65, Fig. 11a ). In the same campaign, the in-situ 561 macrozooplankton density (>5 mm) was also high correlated with ε values (R 2 =0.79 for ε vs. 562 siphonophores, R 2 =0.66 for ε vs. chaetognaths, and R 2 =0.77 for ε vs. euphausiids) (Fig 11b-563   d) . Unfortunately, VMP data was not collected in Jacaf Channel in wintertime. In order to 564 confirm the relationship between ε and various zooplankton species, additional turbulence 565 measurements were collected in November 2013 along Jacaf sill (Fig. 12a) . Results showed 566 strong velocity shear in the horizontal velocities (Fig. 12b) (Fig. 12c) . 570 571
Discussion 572
This study represents one of the first attempts to combine measurements of acoustics, 573 stratified plankton sampling, microstructure profiles, and standard hydrographic profiles to 574 investigate both the vertical distribution patterns of macrozooplankton and why these patterns 575 exist in northwest Patagonian Fjords and other subantarctic latitudes. Three main findings 576 resulted from this effort. First, DVM patterns of macrozooplankton became evident from all 577 methodological approaches, at all study periods: May 2013, January 2014 and August 2014 578 (Fig. 3-5 and Fig. 7-9 common feature of many zooplankton groups, observed around the world using different 594 ADCP and echo-sounders frequencies, e.g., at the Kattegat Channel (Buchholz et al., 1995) , 595 the northeast Atlantic (Heywood, 1996) , the northwest coast of Baja California, Mexico 596 (Robinson and Gómez-Gutiérrez, 1998), the northeastern Gulf of Mexico (Ressler, 2002) . 628
In the current study, acoustic measurements revealed that most biological 629 backscattering (Sv data) occurred above the hypoxic boundary layer (Fig. 5) (Fig. 4 and Fig. 9 ). Nonetheless, it must be considered that these 651 preference values were estimated from observational data and limited sampling rather than 652 from controlled experiments. 653
Vertical overlapping observed between fish and macrozooplankton abundances 654 suggests that the prey-predator interactions might be enhanced under hypoxic conditions. 655 been shown that Euphasia vallentini is a dominant euphausiid species known to carry out 673 extensive vertical migrations in Patagonian fjords, hence we speculate it might be one of the 674 species occurring in the less oxygenated waters of our study. Unfortunately, due to sampling 675 gear restrictions, we were unable to sample the hypoxic layer, nor to identify firmly the 676 species occurring at this depth. Therefore, future research will be necessary to understand the 677 relationship of the deep, yet scarce, macrozooplankton within the hypoxic waters in 678
Puyuhuapi Fjord. As vertical mixing is a mechanism that could reduce the presence of 679 hypoxic zones in fjords, values of TKE dissipation were compared to the depth strata of 680 macrozooplankton. 681 (Fig.10) . 691
The elevated vertical mixing (high Kρ) in Jacaf Channel is probably due to the barotropic tide 692 interacting with the submarine sill (Schneider et al., 2014; Fig. 10, Fig.12 and Table 2 ). This 693 was also observed in Martinez Channel (Pérez-Santos et al., 2014), Central Patagonia, where 694 semidiurnal internal tides were found to dominate the estuarine dynamics . 695
This region is highly influenced by the Baker river, whose discharge enhances stratification 696 and introduces suspended solids that subsequently limit productivity in the water column 697 
